Background: Aortic aneurysm affecting the arch and proximal descending thoracic aorta may require a two-stage repair, which includes proximal elephant trunk graft placement and completion of descending thoracic aortic repair. The combination of open surgery and endovascular grafting may improve the morbidity and mortality of the patient population at risk. Methods: Between February 2001 and March 2007, 258 patients underwent thoracic aortic endovascular grafting at our institution, wherein 31 patients underwent a hybrid approach involving proximal arch repair and elephant trunk graft replacement, and endovascular completion procedures. All patients, who underwent combined endovascular and open procedures in the management of the aortic arch and proximal descending thoracic aortic aneurysms, were reviewed and analysed retrospectively. Results: The interval between the first and second stage ranged from 0 to 14 months with a mean interval of 3.1 months. Followup ranged from 0 to 70 months with a mean of 31 months. Technical success was achieved in all patients. The 1, 12, 36 and 60-month mortality rates were 6.4%, 16.5%, 26.7% and 26.7%, respectively. Caudal migration of the endograft occurred in three patients, who underwent conversion to open surgery. Two cases of paraparesis but no paraplegias or strokes were recorded. Conclusions: Staged procedures using endovascular grafting in the treatment of the arch and proximal descending thoracic aneurysm may have the potential to reduce morbidity and mortality rates. Although long-term results are still pending, this early experience demonstrates the safety and early-term effectiveness of this hybrid approach, which consists both of endovascular and open surgical procedures. #
Introduction
Treatment of extensive aortic aneurysms involving the ascending aorta, aortic arch and descending aorta is still considered to be a challenge for many cardiovascular surgeons. Single-stage operations entail large incisions and substantial mortality risk. The introduction of the elephant trunk technique by Borst et al. [1] in 1983 has greatly facilitated multiple-stage surgery for an extensive thoracic aortic aneurysm. Therefore, many surgeons have preferred a two-stage approach in the treatment of combined lesions of the aortic arch and descending aorta. In the two-stage approach, initially, the aorta in the ascending part and transverse arch is repaired through a median sternotomy. For second-stage operation, the graft replacement of the descending aorta has been performed through left thoracotomy.
Since the introduction of endovascular stent-graft technology for thoracic aortic aneurysms by Dake et al. [2] in 1998, the procedure has been considered as an alternative treatment modality with associated reduced mortality and morbidity for thoracic aortic aneurysms. The benefits of stent-graft repair of thoracic aortic aneurysms may be combined with conventional open surgery in order to include extensive aortic aneurysms, which would otherwise be unsuitable for repair by endovascular therapy alone. To evade the invasive procedure of left thoracotomy for descending thoracic aortic aneurysms in second-stage operation, we advocate the less-invasive endovascular stent grafting in fixing the elephant trunk. Therefore, the elephant trunk could be the most suitable condition as proximal neck of the stent graft; and endovascular repairs have been selectively employed in place of the next operation [3] [4] [5] [6] [7] [8] [9] [10] .
To date, the application of endovascular stent-graft repair in the treatment of patients with extensive aortic aneurysms remains an area of general debate. In this study, we conducted a review on our experience on the management of extensive aortic aneurysms using elephant trunk repair with endovascular stent-grafting exclusion at distal site.
Materials and methods

Patients
Between February 2001 and June 2008, 258 patients underwent thoracic aortic endovascular grafting at our institution. Thirty-one patients underwent a hybrid approach involving proximal arch repair with elephant trunk graft replacement and endovascular completion procedures. A retrospective review on the combined endovascular and open procedures in the management of aneurysms of the arch and proximal descending thoracic aorta was performed. Data from the hospital records of the patients were obtained from our departmental registry. The patients included 24 males and seven females, with a mean age of 70 years (range: 39-83 years). Aortic pathology included 27 atherosclerotic aneurysms and four aortic dissections. The maximal aortic diameters ranged from 50 to 80 mm (mean: 63 mm) with computed tomography (CT) scanning. The patients' characteristics are summarised in Table 1 .
Open proximal repair
The patients underwent conventional surgery for aneurysms of the ascending aorta and transverse arch through a median sternotomy using cardiopulmonary bypass, hypothermic circulatory arrest and antegrade selective cerebral perfusion as first-stage elephant trunk repair of the aneurysm. Cardiopulmonary bypass was performed as follows: perfusion of the right axillary artery with a side graft sewn onto the axillary arteries and vena cava drainage in 29 (93.5%) patients and cannulation of the ascending aorta and vena cava drainage in two (6.5%) patients. In all patients, antegrade selective cerebral perfusion using a balloon catheter for 33-256 min (mean: 91 AE 41 min) was done. Pump times were 115-356 min (mean: 177 AE 59 min). The average temperature indicative of circulatory arrest on rectal temperature monitoring was 24 AE 2.5 (range: 15.7-28.0) ( Fig. 1 ) ( Table 2 ).
All the elephant trunks were made of Dacron graft (Hemashield W (BostonScientific Corp., Wayne, NJ, USA), or Gelweave W (TERUMO CardioVascular Systems Corp., Ann Arbor, MI, USA)) with a diameter of 22-30 mm and length of 60-150 mm. In one patient, the elephant trunk was anastomosed at the base of the innominate artery. In 14 patients, the anastomosis of the elephant trunk was placed in the aortic arch between the left carotid and left subclavian arteries. The spinal cord function remained intact throughout the procedure.
Stent-graft placement
The stent grafts were hand-made using Gianturco Z-stents (Cook Inc., Bloomington, IN, USA), which were pre-constructed to fit the aortic tortuosity, covered with a UBE prosthetic vascular graft (Ube Corp., Ube, Japan). We use various types (9-, 12-, 16-and 20-cm lengths using 20-, 30-and 40-mm wide stents) of 2.5-cm-long Z-stents as endoskeletons, which were previously gas-sterilised, then stored in our hospital for immediate use. Z-stents were attached to each other with solder, leaving spaces of 8 mm between the stents.
Axial CT images were used to determine the diameter of the landing zone and the length of the endoskeleton. The procedure has been described in detail in a previous report [11] . Briefly, the patient was placed on a radiolucent operating table under general anaesthesia in the operating room. The hand-made stent graft was manually loaded into the proximal end of an 18-22 F sheath (Cook Inc.), depending on the dimensions of the stent graft. The delivery system was advanced to the target region over the guide wire. The sheath was withdrawn after DSA confirmed the exact localisation in relation to the head vessels, elephant trunk and diseased aortic segment. For patients with dissection, the position of the guide wire into the true lumen was verified with intravascular ultrasonography. When a post-procedural DSA demonstrated an endoleak, balloon dilatation was performed. The elephant trunks were constructed with Dacron grafts that ranged in diameter from 20 to 26 mm. Stent-graft diameters were selected with an oversizing of 15-20% relative to the diameters of the Dacron grafts, which were the proximal stent grafts. Stent grafts were inserted in an elephant trunk longer, as much as possible. Of 31 patients, tapered stent grafts were used in 10, because the diameter of the descending thoracic aorta in those patients was significantly larger than the diameter of elephant trunk prosthesis. The elephant trunk is the proximal landing zone, and the diameter of the stent graft is decided only according to the diameter of the descending thoracic aorta for the distal landing zone. Stent grafts used in the treatment of the above conditions usually have a tapered design.
Statistical analysis
Statistical analyses were performed using the SPSS 11.0 software (SPSS Inc., Chicago, IL, USA). All values were expressed as mean AE standard deviation. Kaplan-Meier curves were compared using a log-rank test.
Results
Open surgical procedure for first operation
There were no procedure-related deaths after the firststage operation. One patient suffered from temporary stroke (3.2%). All patients underwent second-stage procedure, and the interval between the first and second stages ranged from 0 to 14 months (mean: 3.1 months). No patients were lost to follow-up.
Stent-graft placement for second operation
Stent-graft repair was technically successful in all patients. Two of 31 patients had endoleaks identified on follow-up CT scans. These were classified as type 2 endoleaks because the CT scan demonstrated a small area of contrast emanating from the intercostal arteries, with no further contrast visualised in the remainder of the aneurysm sac on both axial and reconstructed images. All patients had an endovascular stent graft inserted into the elephant trunk prosthesis at the proximal site. The vertebral level of the distal end of the stent graft was within the level of Th5 to L1 in all cases (Table 2 ).
Morbidity and mortality
Two hospital deaths (6.4%) occurred after the secondstage operation (Table 3 ). The first death recorded was a women who died on postoperative day 3 due to intestinal ischaemia from superior mesenteric artery embolism. The second death was a man who died on postoperative day 37 because of sepsis. No postoperative paraplegia was observed, but paraparesis was noted in two patients, one of whom died during hospitalisation, while the other patient was discharged ambulatory.
The 2-and 5-year mortality rates (by Kaplan-Meier analysis) were 16.5% and 26.7%, respectively (Fig. 1) . No reoperation was recorded on 78.3% of cases after 5 years (Fig. 2) .
Caudal migration of the endograft occurred in three patients, who underwent conversion to open surgery. Left thoracotomy after the second-stage procedure was performed for graft replacement because of expansion of the descending thoracic aneurysm from the endoleak at the proximal neck of the stent graft (Fig. 3) .
Discussion
In order to accomplish extensive replacement of the aorta with one-stage approach, several operative methods have been devised. Despite acceptable results early on, the said approach appears not to be widespread probably because of its complexity or invasiveness. After earlier publications from Borst and co-workers and Crawford's landmark paper published in 1990 [12] , this method became increasingly popular for the treatment of patients with complex aortic disease [13] [14] [15] . The elephant trunk procedure has been developed to facilitate multiple-stage surgery for extensive thoracic aortic aneurysm. The idea of using the elephant trunk prosthesis as a stent graft to be introduced in the descending aorta was initiated and popularised by the Buffolo group [16] , who employed this approach in a large series of patients with acute type B dissection.
In this study, we noted that the mortality associated with the endovascular procedure was exceptionally low and, coupled with a low rate of neurological complications or other serious adverse events, the endovascular completion of arch and elephant trunk repairs can be performed safely. Along with the advent of transfemoral stent grafts for the treatment of descending aortic aneurysms, it has been possible to securely anchor a stent graft in an elephant trunk prosthesis previously placed during arch surgery [2] . The list of published series of endovascular completion after previous elephant trunk procedure is summarised in Table 4 [3] [4] [5] [6] [7] [8] [9] [10] . Although this cohort is relatively small, the procedural results seem promising with a low risk for paraplegia. If the anatomical condition is suitable for an endovascular procedure, in other words, if the distal landing zone could be secured, this endovascular completion may be an alternative to the conventional second-stage operation. Although no permanent paraplegia occurred in the present study, the use of this technique must be contrasted with the open surgical approach, in which the potential to re-implant intercostals exists.
The frozen elephant trunk technique, an alternate method to achieve one-stage repair of extensive aortic disease through median sternotomy, evolved into a hybrid procedure combining the concepts of elephant trunk principle and endovascular stenting of descending aortic aneurysms. It was introduced in the late 1990s as the 'open stent-grafting' technique and was renamed 'frozen elephant trunk' [21] . With this approach, repair of the aortic arch is performed conventionally through a median sternotomy with hypothermic circulatory arrest and antegrade cerebral perfusion. The frozen elephant trunk technique was not employed in our study because the summarised rate of paraplegia after implantation of the frozen elephant trunk was 4.7%, in which Flores et al. and Miyairi et al. reported a relatively high rate (16% and 21%, respectively) of postoperative paraplegia, as presented in Table 5 [17] [18] [19] [20] [21] [22] [23] [24] [25] .
The length of the elephant trunk graft is intended to provide a region of adequate overlap for stent-graft insertion. However, excessive length of the elephant trunk graft or marked arch tortuosity can make the endovascular portion of the repair more complicated and possibly less durable. Our total elephant trunk graft length is 6-15 cm (mean: 8.8 cm). According to Borst's original suggestion, the [12] . In our study, three cases were converted to open surgery after second-stage operation due to enlargement of the aneurysm because of endoleak from the overlap portion. We were unable to provide a region of adequate overlap for stent-graft insertion during the second-stage operation because of the tortuosity or kinking of the elephant trunk graft. Tortuosity of the proximal repair site was noted as a result of the inherent structure of the aneurysmal arch or induced by the elephant trunk graft.
The length of the elephant trunk limb can also be variable. However, we have recently selected a relatively short limb (8-10 cm) for elephant trunk prosthesis to ease cannulation from below and to avoid the conversion to open surgery for second-stage operation. This length also provides more than adequate overlap for the proximal landing zone and can prevent tortuosity or kinking after the insertion of elephant trunk graft. This effect complicates the analysis on the stability of the endograft position (migration) and underscores the importance of radiographic landmarks on the elephant trunk at the time of surgical implantation.
If a stent graft conducted during the second-stage operation can be smoothly inserted into the elephant trunk prosthesis inserted during the first operation, endoleak resulting from tortuosity or migration can be prevented. Proper insertion of the stent graft must be ensured and an elephant truck excess in length must not be used. Additionally, a stent-graft is required to reach the distal anastomosis site of the elephant trunk, which is not fixed in the aneurysm. Consequently, we believe that endovascular completion of an elephant trunk is feasible.
Conclusion
Staged procedures using endovascular grafting in the treatment of the arch and proximal descending thoracic aneurysm may have the potential to reduce morbidity and mortality rates. Although long-term results are still pending, this early experience demonstrates the safety and early-term effectiveness of this hybrid approach, which consists both of endovascular and open surgical procedures. 
